Evidence for intense REE scavenging at cold seeps from the Niger Delta Margin
1990; Halliday et al., 1992; Sherrel et al., 1999) . To a first approximation, therefore, 52 dissolved neodymium in seawater is derived from continental inputs, with possible 53 contributions from rivers (e.g., Goldstein and Jacobsen, 1987; Elderfield et al., 1990; 54 Sholkovitz, 1995; Sholkovitz et al., 1999; Sholkovitz and Szymczak, 2000) , dissolution of 55 settling particles (e.g., German and Elderfield, 1990 from reducing sediments. The goal of the present work is to assess, for the first time, the 79 potential importance of this latter source (i.e. fluid seepage) in the marine Nd cycle. 80 81
Cold seeps and emission of methane-rich fluids on margins 82
Venting of methane-rich fluids is a widespread phenomenon at ocean margins. Although 83 there are large uncertainties in estimating the mass of methane stored in marine sediment 84 (Judd et al., 2002) , it is likely that methanogenesis occurs over at least 30% of the world's 85 continental margins (Hovland and Judd, 1992) . Seafloor expressions of focused fluid venting 86 are commonly referred to as cold seeps, which include a large range of geological structures 87 such as pockmarks, mud volcanoes, gas chimneys, and brine pools. In marine sediment, 88 methane is typically produced through microbial degradation of organic matter under anoxic 89 conditions, after a specific sequence of reactions, which greatly affect pore water chemistry 90 (e.g. Froelich et al., 1979; Thomson et al., 1993) . In particular, organic matter degradation in 91 reducing sediments can lead to significant enrichments (from 10 to 1,000 times) in the rare 92 earth element contents of pore waters relative to seawater (Elderfield and Sholkovitz, 1987; 93 Haley et al., 2004) . 94 95 Because methane, as a greenhouse gas, plays a key role in the Earth's climate, there have been 96 significant efforts to quantify methane fluxes at continental margins, and assess their 97 relevance to the global carbon budget (e.g., Judd et al., 2002; Milkov et al., 2003; Kopf, 2003; 98 Wallmann et al., 2006) . In marked contrast, however, very little is known about trace element 99 biogeochemistry at cold seeps, and the impact of fluid seepage on ocean chemistry. A few 100 dedicated studies have focused on the geochemical cycling of barium at cold seeps from the 101 Peru and California margins (Torres et al., 1996; Castellini et al., 2006; McQuay et al., 102 2008) . These studies showed that emission of dissolved Ba at vent sites had significant local 103 impact on the marine Ba budget. Similarly, fluid seepage on continental margins could also 104 represent a potential source of dissolved Nd to the ocean, but to the best of our knowledge, 105 there has been no comparable work for the rare earth elements. 106 107 Here, we report dissolved and total dissolvable (TD) REE concentrations, Nd isotopic 108 compositions, and data for well-established tracers of fluid seepage (CH 4 , TDFe, TDMn) for 109 seawater samples collected in the water column above deep-sea fluid-escape structures from 110 the Niger Delta (Gulf of Guinea, West African margin). In addition, we also present data for 111 a series of pore water samples, sub-surface sediments and associated authigenic precipitates 112 from the same area. Our data demonstrate that fluid seepage at cold seeps is not accompanied 113 by emission of dissolved REE into bottom waters, because Fe-oxyhydroxide co-precipitation 114 leads to quantitative REE scavenging at vent sites. 115 116 2 -Regional setting 117
Studied sites 118
The area investigated in this study is located on the Niger Delta, between 500 m and 1800 m 119 water depth ( Fig. 1) . A large number of seafloor structures related to fluid venting (i.e., mud 120 volcanoes, diapirs, pockmarks) were reported previously on the Niger Delta deep province 121 (Mascle et al., 1973; Brooks et al., 1994; Cohen and McClay, 1996; Bayon et al., 2007; Sultan 122 et al., 2010) . In this study, all water and sediment samples were collected from three distinct 123 areas ( Fig. 1 ). 1) A pockmark-rich area (water depth: ~ 550m; hereafter referred to as 124 Pockmark Field), characterized by the presence of large seafloor depressions with irregular 125 shapes ( Fig. 2a) . (Table 1) . At these two sites, methane plumes rise up to about 213 100 m above the seafloor (Fig. 4 ). Iron and manganese oxyhydroxide precipitation typically 214 occurs above methane seeps at submarine hydrothermal systems (e.g. German et al., 1990) indicates however the absence of any significant Fe-oxyhydroxide co-precipitation or 244 sediment resuspension at this station. 245 246
Deciphering REE provenance in the filtered and non-filtered seawater samples 247
To gain further constraints on the origin of REE sources in the methane plumes, we 248 considered shale-normalised REE patterns for both non-filtered (TD data) and filtered 249 (dissolved concentrations) samples (Fig. 6) , and compared them to data for pore waters (Table  250 3) and easily leachable sediment fractions (Table 4 ). For clarity, only REE patterns for 251 selected seawater samples from the Pockmark Field and the Reference Site are shown in Fig.  252 6, but note that similar conclusions could be also drawn using samples from the Mud 253 Volcano. 254
255
At the Pockmark Field, filtered samples collected from within the plume (sample CTD08-B1 256 to -B8; Table 2) all display very similar seawater-like REE patterns (Fig. 6A) , characterized 257 by a pronounced negative Ce-anomaly and progressively increasing shale-normalized values 258 from the light-(LREE) to the heavy-REE (HREE). These patterns are very similar to those 259 determined for the seawater samples at the Reference hydrocast station (Fig. 6B ). In marked 260 contrast, non-filtered samples collected at the same water depths at the Pockmark Field show 261 a larger range of REE patterns, with variable Ce-anomalies and various mid-REE (MREE) 262 over LREE enrichments (Fig. 6A ). In comparison, pore waters from sub-surface sediments at 263 the Mud Volcano and other active venting sites of the Niger Delta area exhibit REE 264 concentrations about one order of magnitude higher than those for seawater samples (Table  265 3). These pore water samples display shale-normalized patterns characterized by a positive 266
Ce-anomaly and a MREE enrichment relative to LREE and HREE (Fig. 6A ). This MREE-267 bulge type pattern is a typical feature of anoxic pore waters in marine sediments, interpreted 268 as the consequence of the reduction of sedimentary Fe-oxyhydroxide phases during early 269 diagenesis (Haley et al., 2004) . Although we did not analyse any pore water sample from the 270 Pockmark Field area, the carbonate concretion collected from core ER-CS-38 also displays a 271 similar REE pattern (Table 4, Importantly, this also suggests that fluid seepage at cold seeps could act as a net sink in the 322 global ocean budget of the REE. 323 324
Nd isotope constraints on processes controlling dissolved REE profiles in the Gulf of 325
Guinea 326
Neodymium isotopic measurements provide further constraints on the processes controlling 327 the distribution of dissolved REE at the studied CTD hydrocast stations. The Nd isotope 328 ratios measured in this study encompass a large range of ε Nd values from about -10.7 to -15.7 329 (Table 2) In agreement with our REE data, this suggests that fluid seepage at cold seeps do not modify 360 significantly the Nd isotopic composition of bottom water masses at ocean margins. 361 362 Second, as suggested previously for other areas of high sedimentary inputs (Nozaki and 363 Alibo, 2002; Tachikawa et al., 1999) , partial dissolution of detrital particles settling through 364 the water column could play a significant role in controlling the vertical distribution of 365 dissolved REE. In the study area, however, both detrital sediments (average ε Nd ~ -11.6 ± 366 0.3) and easily leachable fractions (i.e., dilute HNO 3 leachates; average -11.3 ± 0.3) are 367 characterized by a Nd isotopic signature significantly different from the seawater ε Nd values 368 throughout the water column (Fig. 4 ). Clearly, this shows that interaction between seawater 369 and settling particles in this part of the Gulf of Guinea is unlikely to play any significant role 370 in the REE oceanic cycling. 371 372 Finally, based on these results, our preferred explanation is that lateral advection (i.e. ocean 373 circulation patterns) controls the observed vertical distribution of Nd isotope ratios at our 374 CTD hydrocast stations. This hypothesis is supported by evidence that 1) each water mass is 375 characterized by a well-distinct ε Nd signature (Fig. 4) , and 2) that the composite vertical 376 profile for ε Nd closely resembles those for dissolved Nd concentrations (Fig. 4 ). In addition, 377 lateral advection would explain well why the Nd isotopic composition for STUW is very 378 unradiogenic (ε Nd ~ -15.7 ± 0.5). In the Gulf of Guinea, the STUW is transported by the 379 northern Equatorial current (Fig. 1) , which mainly receives its water from the northward provide another evidence for 'boundary exchange' (see discussion above for STUW). In 395 addition, the ε Nd value determined for AAIW in our study area (between -13.3 ± 0.3 and -12.4 396 ± 0.4; Table 2 ) markedly differs from that reported for the same water mass at a nearby 397 station, in the western part of the Gulf of Guinea (-11.5 ± 0.3; Rickli et al., 2010) . Similarly 398 to what was proposed above for explaining the unradiogenic signature of STUW, the lower 399 ε Nd value measured here for AAIW most probably indicate sediment/seawater interactions at 400 the western equatorial African margin (Fig. 1 ). As discussed above, venting of reduced fluids 401 at cold seeps and dissolution of settling lithogenic particles both are unlikely to account for 402 the observed differences. Alternatively, one possible explanation accounting for the shift of 403 AAIW towards unradiogenic ε Nd signature during its northward flow trajectory in this part of 404 the Gulf of Guinea would be that it was modified by diffusive benthic fluxes from organic-405 rich sediments. 406
Of course, we cannot rule out the possibility that in certain parts of the ocean, dissolution of 408 settling particles, for example, represents the dominant input of dissolved REE to the ocean. 409
Additional case studies would also be clearly needed to confirm the results presented here. 410
However, our data suggest that diffusive benthic fluxes from suboxic settings could represent 411 a substantial source of dissolved REE in the Gulf of Guinea. Earlier works already suggested 412 that diffusion from marine sediments was likely to play a significant role in the marine REE 413 cycle (e.g. Elderfield and Greaves, 1982) . 
